Abstract: The increasing cost of virgin asphalt and aggregate has increased the interest in using higher percentages of recycled asphalt pavement (RAP) in hot mix asphalt (HMA) mixtures. The purpose of this research project was to gain a better understanding of how the addition of RAP affects interaction among the aged and virgin binders and the overall properties of HMA. The effects of the addition of RAP were evaluated on a macroscopic scale by comparing the volumetric properties, dynamic modulus, and strength parameters of a series of specimens containing different percentages of RAP from two different sources. Also, the viscoelastic properties of the blended or rejuvenated binder in the recycled mix were back-calculated from the macroscopic properties of the mix using the Hirsch model. Studies have shown that this back-calculation method offers advantages like elimination of the need for extraction of blended binder, the ability to use indirect tension test specimens, and the use of a mechanistic based approach. The back-calculated viscoelastic properties were subsequently used to determine the low-temperature performance grade of the binder in the recycled mix. This research project showed that the percentage of RAP affects the properties of the mixture with respect to mixture volumetrics, dynamic modulus, and strength.
Introduction
With the dwindling supply of virgin materials, increasing production costs, and shortage of landfill space to dispose of old materials, the use of recycled asphalt pavement (RAP) has become more prevalent in the pavement industry. RAP material is generated when old or damaged pavement is removed and added as a component in a new pavement layer. When RAP is added to a virgin mix, some of the aged RAP binder softens and blends with the virgin binder. The properties of this blended (effective) binder are somewhere in between that of the virgin binder and the aged binder. This interaction among the binders changes the overall properties of the mix. However, the extent of blending is unknown. This poses potential problems because the mixture is designed to meet certain criteria, including mechanical and volumetric properties that are a function of the binder properties.
One approach to study the effect of RAP in an asphalt concrete mix is by separating the binder and aggregates (Kandhal and Foo 1997) . Here, the effect of binder is studied by mixing aged and virgin binder at different proportions and measuring the response of binder alone. This approach assumes complete blending between the aged and virgin asphalt during mixing, when in actuality partial blending most likely occurs (Li et al. 2008) . Another approach is to study the overall behavior of the material. Here, different constituents are mixed at various proportions and the macroscopic response of the mixture is observed. Using the overall response, a model can be developed incorporating interaction effects. Such an approach (in principle) has been used in recycled mix design. Different properties that have been modeled are fatigue performance, rutting, dynamic modulus, and strength under different models of loading. A brief summary of various research projects conducted using the macroscopic approach is presented in the following.
A study by Pereira et al. (2004) considered the effect of binder percentage (while keeping the same proportion between aged and new binder) using the Marshal mix design method. The results of the study showed that all reclaimed specimens performed better than the control (0% recycled material) in permanent deformation testing. A similar study by Xiao et al. (2007) indicated that RAP content above 20% increased the stiffness of mix, consequently increasing rutting resistance. A study by Hajj et al. (2007) indicated that mixes containing 15% RAP offered maximum resistance to rutting when compared to other recycled mixes, and they consider this to be the optimal percentage of RAP that can be used in recycled mix design. Another study by Hajj el al. (2010) reported that addition of 20% RAP increased the life of airfield pavement. Such an increase in pavement life can be attributed to an increase in the stiffness of the mix, subsequent reduction in vertical compressive strain on top of the subgrade, and horizontal tensile strain at the bottom of the asphalt layer. However, studies by Maupin (2008) have indicated that there is no significant difference between recycled and fresh mixes.
With an increase in RAP content, the stiffness of the mix increases. Such an increase in stiffness may decrease fatigue resistance. This has been confirmed by several studies (Pereira et al. 2004; Hajj et al. 2007) , and refuted by others (Maupin 2008; Tabaković et al. 2010 ). The study by Hajj et al. (2007) reported that with an increase in RAP content, resistance to thermal cracking increased. Lee et al. (1998) found that the 30% RAP mixture offered the highest resistance to thermal cracking, thus they consider 30% RAP to be a threshold value. Increased tensile strength for moisture susceptibility with increased percentage use of RAP has been reported by Watson et al. (2008) . Similar conclusions regarding increased strength have been reported by Lee et al. (1998) . Also at lower temperature, brittleness was observed while the fracture occurred. Li et al. (2008) found that the percentage of RAP affected the high-temperature (low frequency) dynamic modulus significantly when compared to the dynamic modulus at low temperatures (high frequency). The same study also found that mixtures with RAP had higher limiting dynamic modulus (at low temperature/higher frequencies) than mixtures without RAP, and that a stiffer binder also increased the dynamic modulus, regardless of whether or not the mixture had RAP. Another study by Kim et al. (2009) indicated that with increase in RAP content, limiting modulus at lower temperature increased with a simultaneous decrease in limiting modulus at higher temperature. It has been found that the nominal maximum aggregate size had a significant effect on limiting dynamic modulus; at higher temperatures the dynamic modulus showed increased values when RAP was combined with large aggregates (Mohammad et al. 2004) .
Studies conducted at the University of New Hampshire (UNH) (Daniel 2005; Daniel and Lachance 2005; Lachance 2006 ) indicated that the dynamic modulus values of the 25 and 40% RAP mixtures were similar to that for a control mixture with no RAP, and fell below the curve for 15% RAP. These studies also found that the addition of a processed RAP significantly increased the voids in mineral aggregates (VMA) of the mixture at RAP contents of 25 and 40%. Additionally, the design asphalt content for the 25% RAP mixture was 0.5% higher than the other mixtures. The likely explanation for this behavior is that the RAP does not completely break down and blend with the virgin materials, and behaves more like a black rock. The ratios of the virgin stockpiles were kept constant for the different RAP mixtures in this study. In this condition, the gradation of the mixture becomes coarser and the VMA increases with the increase in RAP content. Both of these have an effect on the dynamic modulus of a mixture, so it is difficult to isolate the effect of the RAP itself.
Although there is consensus among published research that the amount of RAP in mixtures affects overall properties, conflicting conclusions have been drawn by researchers regarding the optimum or maximum percentage of RAP to be used. Typical threshold values are between 15% (Watson et al. 2008; Kennedy et al. 1998 ) and 20% (Kingery 2004; McDaniel et al. 2000) . Some of the reasons for such a wide range of conclusions are mixture specific properties and quality control issues. Because of this, several state agencies have limited use of RAP depending on RAP source, intended layer, and machinery to be used in production and placement (Bonaquist 2007) . For example, a higher percentage of RAP is allowed in base courses than in surface layers (Newcomb and Jones 2008) . Zofka et al. (2005) presented a method to back-calculate binder stiffness using mix stiffness values using a bending beam rheometer (BBR) setup. This method used a recalibrated Hirsch model for back-calculating binder stiffness values from mix stiffness values. A similar back calculation approach using uniaxial testing setup and calculation of performance grade (PG) binder grade properties was presented by Bennert and Dongre (2010) .
The preceding discussion makes it clear that there is a percentage of RAP that can differ between individual mixtures that optimizes the material property under consideration, i.e., stiffness, strength, and rutting susceptibility. The pavement performance prediction models in mechanistic empirical pavement design guide (MEPDG) software combined with Superpave specifications can be used to optimize cost (Swamy and Das 2009) or project-specific needs (Hajj et al. 2007) . Such a methodology requires elaborate mix design, performance based tests of several recycled mixes at different RAP contents, and simulation using MEPDG software. Also, different mix design properties (like viscoelastic properties, gradation) are required as input in MEPDG software, depending on the level of analysis. In this research, the effects of RAP on a particular mixture are evaluated by comparing the dynamic modulus (under indirect tension mode), strength, and volumetric properties of a series of laboratory fabricated specimens with similar mix designs and materials but containing different percentages of RAP. The effective properties of the blended binder are back-calculated from overall mix properties using the Hirsch model (Christensen, 2003) . This method aids in quantifying the degree of blending in a recycled mix and subsequent modeling of the viscoelastic properties of the binder through macroscopic observations.
Materials, Mix Design, and Specimen Preparation
Materials from two sources were used in this research. The first source of virgin aggregate and binder was from Pike Industries in New Hampshire. The virgin aggregate consisted of different stockpiles, namely, 12.5 mm, 9.5 mm, washed sand, and baghouse fines obtained from Hooksett Crushed Stone in Hooksett, NH. The virgin binder was PG 64-28 with a specific gravity of 1.035. The RAP for this project was obtained from the millings off Route 4 between Epsom and Northwood, NH. After removing unwanted materials like organic materials and paint lineage, the millings were processed through a small crusher in the lab so that as-is gradation of the RAP was close to a typical RAP stockpile processed at a plant. Binder extraction testing [using Method A, AASHTO T-164 (2006b)] determined the asphalt content in the RAP to be 6.04%. Hereafter, mixes made using the New Hampshire aggregate and binder will be referred to as NHDOT mixes. More information regarding NHDOT mixtures can be found in Daniel et al. (2009) and Mitchell (2010) .
An existing Superpave 12.5 mm surface course mix containing 15% RAP, provided by Pike Industries, was used as a starting point for the NHDOT mixtures. Mixes were then designed with 0, 25, and 40% RAP content. The gradations for each RAP percentage mix were adjusted to be as close as possible to the target gradation of the 15% RAP mixture by varying the virgin stockpile percentages. Tables 1 and 2 show a summary of the aggregate gradation and the mix design parameters for each of the RAP contents, respectively. The second source of virgin aggregate was obtained from Connecticut. Processed RAP was obtained from a Tilcon aggregate plant in Newington, CT. The virgin binder was a PG 64-28 obtained from the Pike plant in Farmington, NH. This binder was the same binder that was used in NHDOT mixes. Hereafter, mixes made using Connecticut aggregates will be referred to as ConnDOT mixes. An existing recycled mixture containing 10% RAP used in a resurfacing job in Newington, CT was used as the starting point in this research. Using this mix design, a control mix and recycled mixes with 25 and 40% RAP were designed. The mixtures were designed to keep aggregate stockpile ratios similar for all RAP contents. More information regarding ConnDOT mixtures can be found elsewhere (Daniel and Mogawer 2010; Hall 2010) . The summary of aggregate gradation and summary of all mix designs are presented in Tables 1 and 2, respectively. Virgin aggregates were batched by individual sieve size and heated at the mixing temperature for a minimum of 4 h before mixing. The RAP was batched as a stockpile and heated at the mixing temperature for 2 h before mixing. The RAP stockpile was heated for less time so that the RAP stockpile attained compaction temperature while minimizing aging of binder. The asphalt, aggregates, and RAP were mixed in a bucket mixer, short-term aged at the compaction temperature for 2 h, and then compacted using a Superpave gyratory compactor (SGC). All laboratory specimens were compacted to a target air void content of 4:0 AE 0:5%. The mixtures were designed according to Superpave specifications (SP 2; Asphalt Institute 2003) and following typical NHDOT aging procedures. After compaction, specimens were cut to the final testing size (150 mm diameter, 35 mm thickness) using a diamond blade wet saw. The specific gravity of all specimens was measured using a Corelok vacuum sealing system according to ASTM D6752 (2003) . Two pairs of LVDTs, two on each face were glued to the specimen to measure horizontal and vertical displacements.
Testing and Analysis
Because of limitations in obtaining field cores for uniaxial mode of loading and representative volume issues, dynamic modulus testing in this research was performed in the IDT mode. The relationship developed by North Carolina State University (Kim et al. 2004; Kim et al. 2005 ) was used to calculate the dynamic modulus from the measured load, horizontal, and vertical displacements, as shown in Eq. (1):
where P 0 = applied load; a = loading strip width; d = thickness of specimen; U 0 = horizontal displacement amplitude; V 0 = vertical displacement amplitude. Frequency and temperature sweeps were performed to obtain dynamic modulus values that were then used to construct the dynamic modulus master curves using the time-temperature superposition principle. Frequencies of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 Hz and temperatures of À10, 0, 10, 20, and 30°C were used in this study. The testing frequencies and temperatures were chosen to ensure sufficient overlap between adjoining isotherm curves. The individual isotherm curves were then shifted horizontally along the frequency axis to form a master curve at a reference temperature of 20°C. The master curve was fit with a symmetrical sigmoidal function, as shown in Eq. (2). The temperature shift factors determined from the dynamic modulus master curve were then used to construct the phase angle mastercurve for each mix at the same reference temperature:
where γ = reduced frequency; f = frequency; a T = time-temperature shift factor; jE Ã j = dynamic modulus; c 1 , c 2 , c 3 , c 4 = regression coefficients. Strength testing under indirect tension mode was performed on the samples after the dynamic modulus testing was completed. The samples were crushed under a constant deformation rate of 50 mm per minute at a temperature of 25ºC according to ASTM D6931 (2003) . The indirect tensile strength of the specimen was calculated using Eq. (4):
where S t = strength of specimen; P f = maximum load; b = average thickness of specimen; D = average diameter of specimen.
Back-Calculation of Binder Properties
One of the goals of this research project was to determine the effective viscoelastic properties of the blended binder in recycled mixtures. In this research project, back-calculated dynamic modulus, phase angle, and creep stiffness values of blended binder were used to quantify the effect of RAP content on recycled mix properties. To compare predicted or back-calculated values, the binders from recycled mixes were extracted according to AASHTO T164 (2006b) procedure and tested using the dynamic shear rheometer (DSR). Temperature and frequency sweeps were conducted to obtain the dynamic modulus and phase angle (under the shear mode of loading) of the recovered binder. These values were used to construct master curves at a reference temperature; other viscoelastic properties like relaxation modulus and creep stiffness were calculated through appropriate interconversion techniques (Daniel 2001; Park and Kim 1999) . Using volumetric properties [VMA and voids filled with asphalt (VFA)] and dynamic modulus master curve data of the mix, the binder modulus was back-calculated using the Hirsch model (Christensen, 2003) . The general framework for back-calculating binder properties used in this research is shown in Fig. 1 . Dynamic modulus and phase angles master curves (of the mix) were used to obtain mix relaxation modulus and mix creep compliance master curves through interconversion techniques (Park and Kim 1999) . The mix creep compliance master curve was used to find the mix stiffness master curve. The binder stiffness values were then back-calculated at different time intervals using the Hirsch model at the reference temperature. This creep stiffness master curve was shifted to other temperatures using the temperature shift factors obtained during mix dynamic modulus master curve construction. Table 2 clearly shows that the asphalt contents are consistent among the NHDOT mixes, whereas asphalt content decreased with RAP content in ConnDOT mixes. The VMA increases with the higher RAP contents for the NHDOT mixes, but remained almost same (except 25% RAP mix) for the ConnDOT mixtures. The following presents details about dynamic modulus and strength test results.
Results and Discussion

Dynamic Modulus Testing
The dynamic modulus master curve for each individual specimen was constructed from the measured dynamic modulus at different frequency and temperature combinations. The measured data was then fit with a sigmoidal function to represent the average master curve for each mixture, presented in Figs. 2(a) and 2(b) . The measured phase angle master curves for the NHDOT and ConnDOT mixes are presented in Figs. 3(a) and 3(b) , respectively. 569, 270, 58, 048, 57, 865 and 227, 138 GPa, respectively . This indicates that there is more variability (except 15% NHDOT mixture, 0% ConnDOT mixture) with the increased RAP percentages. The phase angle values have higher variability, but in general, the phase angle decreases with higher RAP content for both mixture types.
The dynamic modulus values at specific frequencies along the master curve were compared using the t-test to determine any significant difference between various RAP mixtures. A p-value below To investigate the effect of temperature and RAP % on dynamic modulus, a one-way ANOVA test was performed on the dynamic modulus data at the two testing temperatures of À10 and 30ºC. In general, the mean value of the dynamic modulus increased with increase in RAP quantity for both mixtures. The extent of increase was more at À10°C than 30ºC data. This observation indicates that viscoelastic properties of the mixtures are more sensitive to RAP content at lower temperatures. Among NHDOT mixtures, the 40% RAP mixture was significantly different than all other mixes, whereas the mean dynamic modulus for the 15 and 25% RAP mixtures were comparable at both temperatures. For the ConnDOT mixtures, 10% RAP and 40% RAP mixture dynamic modulus values were comparable to 0% RAP and 25% RAP mixtures, respectively, at both temperatures. One possible explanation for the difference in performance of 40% RAP mixtures is that proper blending of aged and virgin binder is not taking place. In other words, RAP might be acting more like a black rock.
Black space diagrams for the NHDOT and ConnDOT mixtures are presented in Figs. 4(a) and 4(b) , respectively. The black space diagram allows users to check for linear viscoelastic behavior and eliminate temperature and frequency dependency. If any two mixtures have the same dynamic modulus at a given frequency, black space diagrams show the relative viscous/elastic response of the two mixtures. At a given dynamic modulus, the material exhibiting higher phase angle is more viscous than the other. Relative stiffness of mixtures with the same phase angle at a particular frequency can also be compared. The mixtures studied in this project do not show obvious differences in the black space diagrams. Fig. 5 shows the average measured strength for the RAP mixtures; the lines indicate the range of high and low values for each mixture. The average strength of the NHDOT RAP mixtures increased with the addition of RAP. This is similar to the trend observed with the dynamic modulus testing. The average strength of 25% RAP and 40% RAP mixtures were significantly different than the control mixture. In the case of ConnDOT mixtures, highest and lowest strength was observed in the 25% and 10% RAP mixtures, respectively. The average strength of the 25% RAP mixture was significantly different from the control mixture, but none of the other mixtures were significantly different. The standard error associated with the computation of mean strength was the same across all mixtures. 
Strength Testing
Back-Calculation of Effective Binder Properties
The test results clearly show that the addition of RAP affects mix properties, and that there is more sensitivity to RAP at lower temperatures. Thus, it was decided to take advantage of this sensitivity as a tool for back-calculating lower temperature binder properties. The extracted binder properties for the ConnDOT mixtures were measured and are shown in Table 2 . Extractions were not performed for the NHDOT mixtures. Using the mix dynamic modulus master curve and volumetric measurements, binder modulus (jG Ã j) was back-calculated using the Hirsch model over a range of frequencies. A comparison of back-calculated jG Ã j and measured jG Ã j [using extracted binder and dynamic shear rheometer (DSR) testing] for the ConnDOT mixtures is presented in Fig. 6 . The measured binder properties represent a fully blended combination of the virgin asphalt binder and the RAP binder. The measured binder modulus values are consistently higher than those back-calculated from the mixture. Among possible explanations, this may suggest that in the mixture, the RAP binder does not fully blend with the virgin binder, resulting in an effective binder modulus that is softer than the fully blended condition. Similar discrepancies between measured stiffness values and predicted stiffness values have been observed by Walubita et al. (2006) .
Using the jG Ã j and phase angle master curves determined from DSR testing and viscoelastic interconversion techniques, the relaxation modulus, creep compliance, and creep stiffness master curves were determined at the reference temperature of À10°C. Temperature shift factors were used to shift the shear creep compliance master curve to other temperatures. Shear creep stiffness and m-values were determined at time ¼ 60 s. Using the relation jE Ã j ≅ 3jG Ã j (assuming incompressibility), shear creep stiffness was converted into uniaxial creep stiffness. Creep stiffness and slope were determined according to AASHTO T313 (2006a) under flexure mode using the same extracted binders. The variation of creep stiffness and m-values obtained from DSR and BBR (both fully blended condition) with temperature are shown in Figs. 7(a) and 7(b), respectively. Fig. 7 clearly shows that the creep stiffness and m-value obtained from DSR and BBR are different. The reason for such variation may be the modal effect; i.e., shear mode of loading versus flexure mode of loading. The average ratio of creep stiffness obtained from BBR to creep stiffness obtained from DSR at same temperature was 5.15 (with standard deviation of 0.84). Similarly, the average ratio of the m-value obtained from BBR to the m-value obtained from DSR at same temperature was 0.67 (with standard deviation of 0.07). Thus, the empirically determined mode correction factors of 5.0 and 0.65 were used in this study.
The mixture dynamic modulus and phase angle master curves were used to calculate the mix creep stiffness master curve through interconversion techniques (Fig. 1) . Using the Hirsch model, the effective binder creep stiffness was back calculated at the reference temperature. This effective binder stiffness master curve was shifted to different temperatures over range of À30 to 30°C in 10 degree increments using temperature shift factors. The variation of back-calculated (after applying the modal correction factors) and Figs. 8(a) and 8(b) , respectively. The temperature at which each of the low-temperature Superpave criterion is met is presented in Table 4 . The effective low-temperature PG grade of each mixture was determined; Fig. 9 presents the effective low PG grade for NHDOT and ConnDOT mixtures as a function of percent binder replacement. The effective low PG grade generally increases with increasing amount of RAP binder. Also, the BBR measured values from the fully blended extracted binder are lower than those backcalculated from the mixture testing.
Summary and Conclusions
The objective of this research was to determine how the addition of RAP affects the volumetric properties, dynamic modulus, strength, and low-temperature properties of recycled mixes. Testing was performed in indirect tension mode. Statistical analysis was performed to determine whether significant differences in performance existed between the various RAP contents. An approach to back-calculate the effective low-temperature PG grade of the RAP mixtures was presented. As part of this procedure, empirical modal correction factors were determined and applied. The testing and analysis of the laboratory produced RAP mixtures resulted in the following observations:
1. The volumetric properties of the mixes are affected by the amount of RAP in the mix, however, changes up to a RAP percentage of 15% are negligible; 2. The average dynamic modulus curve increases (becomes stiffer) with increasing RAP content; 3. Dynamic modulus values at lower temperature (corresponding to higher frequency) are more affected by RAP quantity than at higher temperature (corresponding to lower frequency); 4. The average IDT strength increases up to a certain RAP quantity and further decreases; and 5. The effective low-temperature PG grade of the mixtures increases with increasing RAP. Overall, this research project showed that the addition of RAP affects the properties of the mixture with respect to mixture volumetrics, dynamic modulus, strength, and low-temperature properties. There appears to be a threshold limit on quantity of RAP in recycled mix from a strength perspective, but this is not observable with other material properties.
Future testing will focus on intermediate to high-temperature testing and improvement in back-calculation procedures so that effective properties of blended binder can be quantified for PG binder values. Also, creep testing will be conducted using actual samples and recovered binder so that they can be directly compared. Finally, plant produced mixtures will be tested to capture what truly happens to these mixtures in the field. 
